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FOREWORD
This reportsummarizesthe work performedby the BoeingAerospace
- Company(BAC)underNASA ContractNASI-15644duringthe periodMay
l, 1980,throughNovember30, 1980.
This programis sponsoredby the NationalAeronauticsand Space
Administration,LangleyResearchCenter(NASA/LaRC),Hampton,Virginia.
Dr. PaulA.Cooperis the TechnicalRepresentativefor NASA/LaRC.
Performanceof thiscontractis by EngineeringTechnologypersonnel
of BAC. Mr. J. E. Harrisonis the ProgramManagerand Mr. D. E. Skoumal
is the TechnicalLeader.
The followingBoeingpersonnelwere principalcontributorsto the
programduringthis reportingperiod: D. L. Barclay,Design;J. B.
Cushman,Analysis;S. G. Hill,Materialsand Processes;and S. M.
Williams,FiniteElementAnalysis.
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SUMMARY
ii
This document reportson activitiesfrom May l, 1980, through November 30,
1980, of an experimentalprogramto developseveral types of graphite/
polyimide (GR/PI)bonded and boltedjoints. The program consistsof two
concurrenttasks. TASK l is concernedwith design and test of specific
built-up attachments,while TASK 2 evaluates standardand advanced bonded
joint concepts. The purposeis to developa data base for the design and
analysis of advanced compositejoints for use at elevated temperatures
[561K (550°F)]. The objectivesare to identifyand evaluate design concepts
for specificjoining applicationsand to identifythe fundamentalparameters
controllingthe static strengthcharacteristicsof such joints. The results
from these tasks will providethe data necessaryto design and build GR/PI
lightly loaded flightcomponentsfor advanced space transportationsystems
and high speed aircraft.
During this reportingperiod,principalprogramactivitiesdealt with the
literaturesurvey,design of static discriminatorspecimens,design allow-
ables testing,fabricationof test panels and specimens,small specimentest-
ing and standardjoint testing. Detail designsof static discriminatorspeci-
mens for each of the four major attachmenttypes are presented. Test results
are presented for the following:
a. Transverse (normalto laminate)tensiontests Of (0/+_45/90)2s Celion
3000/PMR-15laminate.
b. Net tensionof a (0/+_45/90)8slaminatefor both a loadedand unloaded
bolt hole.
c. Comparativetestingof bonded and co-cured doublersalong with pull-
/,
off tests of single and double bonded angles.
d. Single lap shear tests [standard12.7 mm (.5 inch) and "thickadherend"],
transversetensionand coefficientof thermalexpansion (CTE) tests of
A7F (LARC-13Amide-lmideModified)adhesive.
e. Tension tests of standardsingle lap, double lap and symmetricstep-
lap bondedjoints.
Also presentedare resultsof a finite element analysisof a single lap
bonded compositejoint.
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SECTION l.O
,w
INTRODUCTION
This is the 6th quarterlyreportcoveringresultsof activityduringthe
periodMay l, 1980,throughOctober31, 1980.
The purposeof this programis to providea data basefor the designof
advancedcompositejointsusefulfor serviceat elevatedtemperatures[561K
(550°F)].The currentepoxy-matrixcompositetechnologyin jointand attach-
ment designwill be extendedto includepolyimide-matrixcomposites.This
will providedatanecessaryto buildgraphite/polyimide(GR/PI)lightly
loadedflightcomponentsforadvancedspacetransportationsystemsand high
speedaircraft. The objectivesof thiscontractare twofold: First,to
identifyand evaluatedesignconceptsfor specificjoiningapplicationsof
built-upattachmentswhichcouldbe usedat rib-skinand spar-skininter-
faces;second,to exploreadvancedconceptsfor joiningsimplecomposite-
compositeandcomposite-metallicstructuralelements,identifythe fundamen-
tal parameterscontrollingthe staticstrengthcharacteristicsof suchjoints,
and compiledatafor design,manufacture,and testof efficientstructural
jointsusingthe GR/PImaterialsystem.
The majortechnicalactivitiesfollowtwo pathsconcurrently.The TASKl
effortis concernedwith designand testof specificbuilt-upattachments
whiletheTASK 2 work evaluates tandardand advancedbondedjointconcepts.
The genericjointconceptsto be developedunderTASK l are shownin Figure
l-l. The totalprogramis scheduledovera periodof 27 monthsas shownin
FigureI-2.
In TASK l.l,severalconceptswere designedand analyzedfor eachbondedand
each bolted attachment type and reported in reference I. Concurrent with
this taska seriesof designallowableand smallspecimentestsare being
conductedunderTASK 1.2. The analyticalresultsof TASK l.l and the design
data fromTASK 1.2will allowa selectionof themost promisingbondedand
boltedconcepts.
BONDED BOLTED
TYPE 1
TYPE 2
I I I
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TYPE 3
TYPE 4
Figure I-I: Generic Joint Concepts for 4 Attachment Types
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In TASK 1.3, a maximumof two of the most promisingconceptsfor each joint
typewill be fabricated,testedand evaluated. The evaluationwill yield
the preferredjoint conceptsand will be based on weight efficiency,ease of
fabrication,detailpart count,inspectabilityand predictedfatiguebehavior.
Finally,eight joint concepts (2 of each joint type)will be fabricatedin
TASK 1.4 on a scaled-upmanufacturingbasis to assurethat reliableattach-
ments can be fabricatedfor full-scalecomponents. A seriesof static tests
will be performed on specimens cut from the scaled-up attachments to verify
the validity of the manufacturing process. Additional specimens will be
thermally conditioned and tested in a series of static and fatigue tests.
Test results will be compared with the analytical predictions to select final
attachment concepts and design/analysis procedures.
The TASK 2 activitywill establisha limiteddata base that will describethe
influenceof variationsin basic designparameterson the staticstrength
and failuremodes of GR/PI bondedcompositejointsover a ll6K to 561K (-250°F
to 550°F)temperaturerange. The primaryobjectivesof this researchare to
providedata usefulfor evaluationof standardbondedjoint conceptsand de-
sign procedures,to providethe designerwith increasedconfidencein the use
of bondedhigh-performancecompositestructuresat elevatedtemperature,and
to evaluatepossiblemodificationsto the standardjoint conceptsfor improved
efficiency.
To accomplishthese objectives,activityunder TASK 2.1 will consistof design,
fabrication,and static testsof severalclassesof composite-to-compositeand
composite-to-metallicbondedjointsincludingsingle-and-double-lapjoints and
step-lapjoints. Test parameterswill includelap length,adherendstiffness
and stackingsequenceat room and elevatedtemperatUres.Toward the latter
part of this program,under TASK 2.2., a se!ection.willbe made of advanced
lap joint conceptswhich show promiseof improvingjoint efficiency. Possible
conceptsare pre-formedadherends,mixed adhesivesystems,and lap edge clamp-
ing. These conceptswill be added to the staticstrengthtest programand
the resultscomparedwith the resultsfrom the standardjoint tests.
This reportsummarizesthe literaturesurvey,presentsstaticdiscriminatortest
specimendesigns,preliminaryresultsof designallowables,small specimentest-
ing,ancillaryadhesivetests and standardjoint tests completedduring this
reportingperiod.
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. SECTION 2.0
TASK l ATTACHMENTS
I
2.1 TASK l.l - DesignandAnalysisof Attachments
This sectiondiscussesthe resultsachievedduringthis reportingperiodon
the literaturesurveyandon designand analysisof attachments.
2.1.1 LiteratureSurvey
A comprehensiveliteraturesearchwas initiatedat the beginningof the pro-
gram to compileapplicablexperimentaldataand analysesconcernedwith
the processingcontrol,properties,and fabricationof GR/PIcomposite
materials. Inaddition,the searchwas focusedon design/analysisand eval-
uationof test dataof bondedand boltedcompositeattachments.
The searchhas revealedan extensiveamountof basicresearch,bothcompleted
and on-going,concerningattachmentsof compositestructuralmembers. Re-
sultsof the literaturesearchhave beenreportedin previousQuarterlyReport
numbersl, 2, 3, 4 and 5. Reviewof currentliteratureis a continuouson-
goingprocessduringperformanceof thiscontract. A summaryof relevant
literaturereviewedduringthisreportingperiodis givenbelow.
Referencel presentsa comparisonof experimentallymeasuredstresseswith
thosepredictedby analytical,numericaland finiteelementsolutions.Ad-
hesiveshearstressesin a plexiglassinglelap jointare measuredby monitor-
ing the fringepatterngeneratedby a laserincidenton singlewiresimbedded
on each sideof the bondlayer. Resultsare comparedto the variousanalytical
solutions.For the particularcaseanalyzed,it is concludedthatthe closed
form Goland-Reissnerand Plantemasolutionsand the numericalBOND4program
(Universityof Delaware)predictthe bestshearstressdistributions.The
BONJOIprogram(Lockheed)also givesfairlyaccuratepredictions.Experimental
boundaryconditionsmost closelymatchedthoseof BOND4(pinned)thanthoseof
BONJOI(clamped).The numbericalsolutions atisfythe conditionof zeroshear
stressat the end of the adhesiveand thereforegivea betterestimateof maxi-
mum shearstress.
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The effectof the methodof loadingand specimenconfigurationon the
measuredcompressivestrengthof graphite/epoxy(NarmcoT300/5208)com-
positematerialswas investigatedin Reference2. Three test methods
were conducted;'anadaptationof the IITRI "wedgegrip" fixture,a face
supportedfixture,and an end-loaded-couponfixture. Effectsof specimen
size, specimensupportand methodof load transferwere also evaluated.
r
Test resultsobtainedfrom the threefixturesare presentedand evaluated
with respectto the varioustest parameters. It is concludedthat the
IITRIfixturehas the best potentialfor unidirectionaland quasi-isotropic
laminates. The face supportedfixtureis most desirablefor [+_45]s lamin-
ates. Data obtainedwith the end-loaded-couponfixturewere not substan-
tiallydifferentfrom the other test fixturesevaluated. Based on this and
becauseof specimensimplicity,furtherstudy of the end-loaded-coupon
fixtureis warranted.
Reference3 presentsdesignguidelinesand designcriteriafor developing
bonded primarystructure. It presentsdesign informationgeneratedduring
the PrimaryAdhesivelyBondedStructure(PABST)program. It discusses
materialselectionrequirements,manufacturingconsiderations,inspection
needs,repairabilityand cost and weightanalyses. Also presentedare loads,
load transferand failuremodes of bondedjoints,along with analysismethods
for analyzingall types of bondedjoints. The final sectiondiscussesthe
type of testingand specimensneededto select an adhesivefor use in bonded
primaryStructure.
2.i.2 Designand Analysis
The design analysisprocedureused to developthe joint designsis shown in
Figure2-I which illustratesthe interactionbetweendesign,analysisand
test. Shadedareas indicatepercentcompletion.
Basic designsfor all the bondedand boltedjointsare presentedin the 5th
quarterlyReport (CR i59112). Designspresentedalong with the small specimen
test results(Section2.2.2)were used to arriveat the staticdiscriminator
specimenConfigurationsdiscussedin Section2.3. There was also extensive
coordinationwith the Materialsand Processesgroup to assurethat planned
I I I I IFINALIZE FINALIZE FINALIZE JDI_IGN GROUND RULL_ HAND ANALYSIS METHODS . FINITE ELEMENTMOOELIN_ ITECHNIQUB J
I I Iv
i MODIFYDESIGN CONCEPI_ OF JOINTS
COlLUSiONS J LEGEND
• EMPIRICALDESIGN TECHNIQUIr_
• REIAnvE EFFICIENCIESOFIONDED Am IOtIID JOINTS COMPLETE
Figure 2-1:Task l Deslgn/Analysls/TestFlow Diagram
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processingand assemblysequencingcould be achieved. This resultedin
some changesto the Type 2 Bondedjoint from the design presentedin the
5th QuarterlyReport (CR 159112). The revisedType 2 bondedjoint design
is as shown in Figure 2-11.
Designsfor all the joint typeswill be finalizedwhen the small specimens
and staticdiscriminatortest are completedand resultsanalyzed.
2.2 TASK 1.2 - Materialand Small ComponentCharacterization
This sectiondiscussesdesignallowablesand small specimentesting.
2.2.1 TASK1".2.1 - Design Allowables
Results of limited design allowables testing conducted on Celion 3000/PMR-15
laminates under this contract are presented in the 5th Quarterly Report
(CR 159112). Results of other design allowables testing conducted during this
reporting period are discussed below.
Flatwise laminate-to-laminate tension tests have been completed for a Celion
3000/PMR-15 (0,+_45,90)2s laminate. Tests were conducted on cured/post-cured
specimens and on specimens aged 125 hours at 589K (600°F). Specimen configur-
ation and test results are shown in Figure 2-2. The reduction in transverse
strength at elevated temperature is as expected since this is a matrix domin-
ated property.
Coefficient of thermal expansion (CTE) tests were conducted on cured/post-
cured A7F (LARC13 amide-imide modified) adhesive. Test results are given
in Table 2-I.
Table 2-I: CTEData A7F Adhesive
Material Condition MeanTemp. CTE
oK mm/mm- ° K
279 2.657xi 0-5
A7F Cured/Post-Cured 385 3.031xl 0-5
483 3.541xi0 -5
i0
2.2.2 TASK 1.2.2- SmallSpecimenTests
I
Comparativetestingof bondedversusco-cureddoublerswas conductedto
evaluatethe loadtransferefficiencyfor applicationto boltedjoints.
Testswere conductedon "cured/post-cured"and "aged125 hrs at 589°K
(600°F)''specimens.Specimenconfigurationand test set-upare shownin
Figures2-3 and 2-4, respectively.A comparisonof test resultsis
shownin Table 2-2. The failuremodeswere the same in all specimens,with
the exceptionthatsome failedin the tab area. Bondeddoublersfailedat
lowerloadsthanthe co-cureddoubler. It is concludedthat the co-cured
doubleris strongerand will be usedfor Task 1.3 staticdiscriminator
specimens.
Net-tensionstressesat failureof a (0,+_45,90)8sgraphitepolyimidelamin-
ate for bothunloadedand loadedboltholesare shownin Figures2- 5 and
2-6, respectively.The slightincreasein failurestressat elevatedtemp-
eraturefor an unloadedbolthole (seeFigure2-5) is causedby a softening
of thematrixmaterial. Thismakesthe laminatebehavemore plasticallywith
a•correspondingreductionin severeityof stressconcentrationat the hole
• edge. The correspondingeffectis maskedfor the loadedhole testbecause
the failuremodechangesfromnet-tensionto bearing(exceptfor two of the
Condition2 specimens,see Figure2-6).
Smallspecimentestswere alsoconductedto evaluatethe tensilestrength
of bondedangles. Bothsingleand doubleanglespecimens,as shownin Figures
2- 7 and 2-8 were tested. Testresultsare summarizedin Tables2-3 and
2- 4, Becauseof thevery lowfailureloadsat roomtemperaturefor the
singleangle,it was decidednot to runthe elevatedtemperaturetests. In
addition,the specimenbondlineswereof verypoorquality. Sincethe
doubleanglemet the designloadrequirementof 28.7 KN/m (164Ibs/in)it was
decided not to rerun the single angle test. Static discriminator specimens
must havethe equivalentof a doubleanglebondto meet the designrequire-
ments.
II
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TABLE2-2 : Comparisonof Integral and BondedDoublers
Matrix 4B Small Specimens
• (English Units)
ULTIMATEFAILURE
INTEGRALDOUBLER BONDED DOUBLER
COND. TEST LOAD BRG. NET TENSION LAMINATE LOAD BRG. NET TENSION LAMINATE
CODE TEMP. kip STRESS STRESS DBLR/LAM, STRESS kip STRESS STRESS DBLR/LAM. STRESS
°F ksi ksi ksi ksi ksi ksi
2.58 80.9 20.I/76.7 61.4 l.64 46.4 II.6/46.3 37.0
70 2.97 91.3 •22.7/90 72.0 2.13 59.7 14.9/63.4 50.7
l 2.73 85.3 21.2/84.5 67.7 2.31 65.1 16.3/67.5 54.0
2.36 73.4 18.2/73.1 58.5 2.23 62.7 15.7/63.8 51.0
.-J
..j
550 2.16 67.2 16.7/'66.6 53.5 2.06 57.2 14.3/57.5 46.0
2.24 69.3 17.2/64.3 51.9 2.17 61.4 15.3/60.3 48.2
2.28 69.7 17.3/71.0 56.8 2.25 64.2 16.1/65.2 52.2
70 2.08 65.1 16.2/65.1 52.1 l.94 53.4 13.4/57.0 45.6
2.66 84.1 20.9/84.5 67.6 l.96 57.3 14.3/55.6 44.5
2
2.31 70.3 17.5/72.3 57.8 1.82 50.0 12.5/53.7 43.0
550 2.27 72.4 18.0/67.5 54.0 1.84 51.0 12.8/51.8 41.4
2.32 73.5 18.3/72.3 57.6 l.80 50.0 12.5/50.8 40_6
•ConditionCode
l Cured/PostCured
2 Aged 125 hrs at 589K (600°F)
TABLE 2-2 : Continued .... Comparison of Integral and Bonded Doublers
Matrix 4B Small Specimens
(Metric Units)
ULTIMATEFAILURE
INTEGRALDOUBLER BONDEDDOUBLER
COND. TEST LOAD BRG. NET TENSION LAMINATE LOAD BRG. NET TENSION LAMINATE
CODE TEMP Kn STRESS STRESSDBLR/LAM STRESS Kn STRESS STRESSDBLR/LAM. STRESS
"K Mpa Mpa Mpa Mpa Mpa Mpa
11.5 558 139/529 423 7.3 320 80/319 255
294 13.2 629 157/620 496 9.5 412 103/437 350
12.1 588 146/583 467 10.3 449 112/465 3721
10.5 506 125/504 403 9.9 432 108/440 352
561 9,6 463 115/459 367 9.2 394 96/396 317
I0.0 478 119/443 358 9.7 423 105/416 332
I0.I 481 119/490 392 I0.0 443 111/450 360
294 9.3 449 112/449 359 8.6 368 92/399 314
11.8 580 144/583 466 8.7 395 99/383 3072
10,3 485 121/498 399 8.1 345 86/370 296
561 I0.I 499 124/465 372 8.2 352 88/357 285
10,3 507 126/498 399 8.0 345 86/350 280
Condition Code
1 Cured/Post Cured
2 Aged 125 hrs at 589K (600°F)
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Figure 2-8 ffATRIXtic Test 2b Revised
Aged 125 hrs @ 589K (600°F)•
Spec.25.4 (l.O)Wide
6 Req'd.
°
nlm
Dimensions
(inch)
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Table2-3 Matr_ix4C Test la Results
SingleAnglePull-Off
Temperature FaiIure Load
Spec. No. Condition K (°F)[Z> N (Ib)
4C-la-l-l Cure/Post-cured 294 (70) 248 (55.8)
4C-la-l-3 " 294 (70) 232 (52.1)
4C-la-l-4 " 294 (70) 292 (65.6)
Note: See Figure 2 for Spec. Configuration
_> Elevated TemperatureTests were not run because
of low failure loads at room temperature.
Table 2-4 Matrix 4C Test 2b Results
Double Angle PulI-Off
Temperature FaiIure Load
Spec. No. Condition °K(°F) N (Ib)
4C-2b-2-I Aged* 294 (70) I032 (232)
4C-2b-2-2 " 294 (70) 765 (172)
4C-2b-2-3 " 294 (70) 1263 (284)
4C-2b-2-4 " 561 (550) 1366 (307)
4C-2b-2-5 " 561 (550) I076 (242)
4C-2b-2-6 " 561 (550) I134 (255)
* Aged 125Hrs at 589°K(600°F)
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2.3 TASK 1.3 - PreliminaryEvaluationof AttachmentConcepts
Designsfor all the static discriminatorspecimens,except Type 3 bonded,
have been finalizedand fabricationstarted. 'Detaileddrawings are shown
in Figures2-9 through2-15. Detail design of Type 3 Bondedjoints will be
finalizedupon completionof testingand data analysisof the symmetric
step-lapstandardjoints of Matrix 3G (see Section 3.1.5).
Specimen fabricationhas been startedby initiallylaying up the required
skin panels. Required fastenersand high temperaturepottingmaterial,
_IS 8-126, has been received. Specimensare being fabricatedfrom material
lots 2W4781 and 2W4809. MechanicalQ.C. data for these lots are given in
Table2-5.
Type l bonded (SK 2-078001)and Type l bolted (SK 2-078002)static discrimina-
tor test specimenswill be loaded by tensiononly in the plane of the cover.
To reduce specimencosts, the web and web attach angleshave been deleted
since they do not contributeto the primary load.path. The stiffnessof the
bonded on "T" for the Type l bonded joint has been simulatedby bondingon an
equivalent thickness"doubler"of GR/PI to the lower splice plate.
Laminatesfor the skins on the Type 4 bonded and bolted joints are unsymmetric
lay-ups. This was done to try and get the thinnest possiblelaminatewhile
still maintainingsymmetryabout the sandwichmidplane as requestedin the
statement-of-work.The unsymmetriclaminatescannot be precuredand bonded to
the core; therefore,they will be co-curedon the core. Precuredlaminatesare
cured at 1.38 MPa (200 psi), however,to preventcore crushing,the co-cured panels
will be limted to 0.69 MPa (lO0 psi) maximum. The lower cure pressurewill
result in lower strength allowablesfor the co-curedlaminates,however,they
will still have adequate strengthfor the Type 4 joint. These specimenswill
give valuableexperienceand design data to assess the desirabilityof co-
curing very thin, high temperaturelaminates.
Adhesive film for "SmallSpecimens"and "StandardJoints"testing to date has
been made by hand trowelingthe adhesiveresin onto fiberglassscrim cloth.
Hand trowelingis impracticalfor the larger bond areas requiredin the
static strength test specimens. Premixedadhesive resin (LARC-13Amide-lmide
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Table 2-5: Quality Control Data
LOT NUMBER
PROPERTY REQUIREMENT
2W4781(20 Ibs) 2W4809(10 Ibs)
" FiberVolume,% 58 +_2 N.A. N.A.
ResinContent,% 30 +3 41.5 3.8
SpecificGravityg/cc 1.54 N.A. N.A.
VoidContent,% 1 N.A. N.A.
1515 1489 1351
At Ambient (220) (216) (196)
Flexural
Strength At 589K (600°F) 757 636 698
MPa (ksi) (110) 92.2 (101.2)
757 1040
Aged,at 589K (600°F) (110) N.A. (150.8)
117 135 139
Flexural At Ambient (17) (19.6) (20.1)
• 103 110 110
. Modulus At 589K(600°F) (15) (16) (16.0)GPa (msi)
103 107
Aged,at 589K (600°F) (15) N.A. (15.5)
96 93 93
ShortBeam At Ambient (14) (13.5) (13.5)
Shear
Strength At 589K (600°F) 41 47.5 62.7(6) (6.9 (9.1)
MPa (ksi) 64.9
Aged,at 589K(600°F) 41 N.A.(6) (6.8)
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Modified)has been suppliedto a vendorfor commercialapplicationto
the fiberglasscrimcloth. Thiswill assurebetteruniformityin the
adhesivefilm thicknessand easilyprovidethe largerquantitiesneeded.
Enoughadhesivefilmhas beenorderedto completethe contract.
The staticdiscriminatortest plan (ReferenceBoeingLetter2-3614-DP70-354
dated23 May 1980)has been approvedby the NASACOR, Dr. P. A. Cooper.
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SECTION 3.0
TASK 2 - BONDEDJOINTSb
3.1 TASK 2.1 - StandardBondedJoints
This task includesthe analysis,fabricationand staticstrengthdetermina-
tionof severalstandardbondedjointconfigurations.The theoreticalinflu-
enceof geometricand materialparametersare beinginvestigatedand a test/
analysiscorrelationperformedto determinethe relativeefficienciesof
the variousjointconfigurations.The relationshipsof the sub-taskactivi-
tiesare shownin Figure3-I.
Thissectiondiscussesanalysisof standardjoints,ancillarylaminateand
adhesivetests,jointspecimenfabricationand NDE,and jointtest program.
3.1.1 TASK 2.1.1- Analysisof StandardJoints
L. J. Hart-Smithsuggeststhreedistinctfailuremodesin a singlelap bonded
compositejoint: l) failureof the adherendoutsidethe bondedregionbe-
causeof additionalbendingstresses,2) failureof the adhesivein shear,
• and 3) failureof the compositeat the interfacenearthe end of the joint
becauseof "peel"stressesin theadhesiveor laminae.
Examinationof the failedsinglelapjointstestedfor thisprogramsuggests
the 3rd typeof failuregovernedin nearlyall cases. Therefore,any change
thatcan reducethe peelstress,ay, in the adhesiveand in the laminaadja-
centto the adhesiveshouldincreasethe efficiencyof the singlelap joint.
An elastic,geometricallynonlinearfiniteelementanalysiswas performed
on a graphite/polyimideto graphite/polyimidesinglelapbondedjoint. The
jointwas loadedin tensionin threesteps;Pl = 4318N/cm (25Ib/in),P2 =
87.5N/cm (50Ib/in),P3 = 175N/cm (lO0Ib/in). Basedon symmetry,one-half
the jointwas modeled. Jointmodel,boundaryconditionsandmaterialdata
usedare shownin Figure3-2.
The finiteelementanalysesconsideredtwo layupsfor comparison:the Ist
(03/+_453/903)S (model#4)and the 2nd (+_453/03/903)S (model#5). The
41
ioEsIoNOATA IINOOSTRITASK 2.13 EXPERIENCE
IA° YS SI
I _ METHODS TASK 2.1.I
DEFINITIONOFc__ I SPECIMENSI
& JOINTTEST TIONS
I FAILURE ] TASK2.1.2
CRITERIA $
JOINTTEST
PROGRAM ITASKS2.1.4,2.1.5
€
q TEST/ANALYSISICORREL TION TASK 2.1.6
Figure 3-I: Task 2 Bonded Joint Subtasks
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Figure3-2 GRAPHITEPOLYIMIDEBONDEDSINGLE-LAPJOINT
extensionalstiffnessof the two layupsis the same,but the bendingstiff-
nessof the Ist is considerablygreaterthan the 2nd.
Stressdistributionsthroughthe thicknessof the jointare shownin Figures
3-3 and 3-4 for the two models. A comparisonbetweenthem showsgreater
peelstressesin the adhesivefor the 2nd layup(model5). Peakpeel stresses
nearthe edge of the jointare approximately30% greater. Shearstressesin
the adhesivedo not changesignificantly.Analysisresultsindicatethatif
the peelstressesare governingthe jointfailure,it is advantageousto in-
creasethe adherendbendingstiffness.
3.1.2 TASK2.1.3- AncillaryLaminateand AdhesiveTests
Standard12.7mm (0.5in) singlelap titanium-to-titaniumsheartestsof A7F
adhesive(Matrix2, Test 3) havebeencompleted.The titaniumadherendswere
1.04mm (.041in)thick. Testresultsare shownin Figure3-6 indicating
thatall specimensexceededthe minimumrequirementof I0.3MPa (1500psi).
The dataindicatea significantdrop in shearstrengthdue to agingand thermal
cycling. Cured/post-curedspecimens howeda significantdropin shear
strengthat elevatedtemperature.The aged specimens,however,exhibited
essentiallythe sameshearstrengthover theentiretemperaturerange. The
agingdid not appearto causeexcessiveoxidationat the freeedgesof the
specimens.The thermallycycledspecimensfailedadhesivelywith a character-
isticsilver/graycoloron the adherends.This indicatesa possibledeteriora-
tion of the aluminumpowderin the adhesiveformulationor its interactionwith
otherconstituents.
A preliminarycopyof the finalreportfor the thickadherendA7F adhesive
testsconductedby Dr. J. R. Vinsonat the Universityof Delawarehas been
received.A summaryof the testresultsis givenin Table3-I through3-6.
Sincethe thickadherendtests reducepeelstresses,it was expectedthat
ultimateshearstrengthswouldbe higherthanshown. Also,shearmodulus
and strainto failuredataindicatean adhesivesignificantlymore ductilethan
had been anticipated.
Tensiontestsof A7F adhesivebonding31.8mm (I.25in) diameterstainless
steelbars end-to-end(Matrix2, Test 5) havebeencompletedfor the cured/
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Figure3-4 STRESSTHROUGHTHICKNESS Model#5
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Figure3-5 LOCATIONOF STRESSPLOTS
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Figure 3-6: Matrix 2, Test 3, 12.7mm (0.50 in), Single Lap
Titanium/Titanium,l.04 mm (.041 in) Adherends
A7F Adhesive
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Table3-I:MechanicalPropertiesof A7F
Cured/PostCuredAdhesiveat ll6K (-250°F)
SPECIMEN ULT.SHEAR SHEAR ULT. SHEAR
STRENGTH MODULUS STRAIN
NO. Mpa/(psi) Mpa/(ps_)
20 -- 61.831(8968) --
23 .... --
24 25.11/(3643) -- 0.7085
21 20.02/(2904) -- --
Table3-2: MechanicalPropertiesof A7F
Cured/PostCuredAdhesiveat 294K (70°F)
SPECIMEN ULT.SHEAR SHEARPROP. SHEAR ULT. SHEAR
NO STRENGTH LIMIT MODULUS
" Mpa/(psi) Mpa/(psi) Mpa/(psi) STRAIN
13 16.60/(2407)|0.64/(1543)71.51/(I0,371)0.3904
14 16.48/(2390 8.52/(1236)69.14/(I0,027)0.3758
15 17.09/(2479)6.21/(900)70.47/(I0,221)0.4337
Table3-3:MechanicalPropertiesof A7F
Cured/PostCuredAdhesiveat 561K (550°F)
SPECIMEN ULT.SHEAR SHEARPROP. SHEAR ULT. SHEAR
NO. STRENGTH LIMIT MODULUS STRAIN
Mpa/(psi) Mpa/(psi) Mpa/(psi)
17 II.07/(1605)3.88/(563) 45.49/(6597) 0.4375
18 8.34/(1209 .... 0.4311
19 6.98/(I012) 2.24/(326) 46.15/(6693) 0.4144
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Table 3-4:Mechanical Propertiesof A7F Adhesive,
Conditionedat 600"F for 125 hours, at ll6K (-250°F)
ULT. SHEAR SHEAR ULT. SHEAR
SPECIMEN STRENGTH MODULUS
NO. Mpa/(psi) Mpa/(psi) STRAIN
2-20 21.71/(3149)45.08/(6539) 0.6645
2-23 21.73/(3151)35.31/(5121) 0.6429
2-24 20.18/(2927)41.78/(6059) 0.5842
Table 3-5:_MechanicalPropertiesof A7F Adhesive,
Conditionedat 600°F for 125 hours, at 294K (70°F)
ULT. SHEAR INITIALSHEAR SECONDARYSHEAR SHEAR PROP.ULT.SHEAR
SPECIMEN STRENGTH MODULUS MODULUS LIMIT
NO. Mpa/(psi) Mpa/(psi) Mpa/(psi) (mpa/(psi) STRAIN
2-13 18.60/(2697) 137.5/(19,938) 70.0/(10,156) 3.57/(518.7)I 0.5320
2-14 13.13/(1904) 49.2/(7,138) 46.1/(6,688) 4.02/(583.9) 0.4975
2-15 16.12/(2399) 53.1/(7,701) 44.5/(6,448) 5.71/(827.6) 0.5495
Table 3-6:MechanicalPropertiesof A7F Adhesive,
Conditionedat 600°F for 125 hours, at 561K (550°F)
SPECIMEN ULT. SHEAR SHEAR PROP. SHEAR ULT SHEARSTRENGTH LIMIT MODULUS "
NO. Mpa/(psi) Mpa/(psi) Mpa/(psi) STRAIN
2-16 12.82/(1859) 4.29/(623) 42.54/C6170) 0.4377
2-17 13.05/(1893) 3.30/(479) 67.63/(9808) 0.3729
_-18 14.12/_2048) 4.94/(717) 47.93/(6951) 0.5271
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post-curedspecimens.Test resultsare shownin Figure3-7. All specimens
° failedcohesively.
Stainlesssteelbarswerebondedwith A7F adhesiveand heataged [125Hrs @
589°K(600°F)]to completetheMatrix2 Test5 specimens.Afteragingthe
specimensshowedsevereheatdegradationor some typeof reactionbetween
the stainlesssteeland the adhesive. Sevenspecimenshad failedin the oven
and the remainingspecimenswerenot tested. A secondtestof specimenswere
bondedand aged and experiencedthe samefailures.The stainlesssteelbars
were replacedwith titaniumand new specimensmade. Test resultsare shown
in Figure3-7. Allspecimensfailedcohesively.
Attemptsto compressionmold a "neat"adhesive(A7F)tensiontest specimen
for Matrix2, Test l were unsuccessful.The moldsexperiencedsome leakage
duringresinB-staging;however,themajorproblemwas fractureof the brittle
adhesiveduringcool-downand subsequentremovalfrom themold. The molded
sheetwouldhave to haveundergoneadditionalmachiningand handlingafter
removalfrom themold. Becauseof the brittlenatureof the adhesive,there
was a high probabilitytherewouldbe significantbreakageduringtheseopera-
tions. The decisionwas reachedto notexpendadditionalresourcesbecauseof
the low probabilityof success. Programschedulesand costspreventtrying
an alternatetestprocedure.Flatwisetensionultimateof theA7F undera con-
strainedcondition,Matrix2 Test 5, will be usedfor analysispurposes.
3.1.3 TASK 2.1.4- JointSpecimenFabricationand NDE
A summaryof specimensfabricatedthroughthisreportingperiodis givenin
Table3-7. All theMatrix2 and Matrix3 seriesspecimenshavebeenfabri-
cated. Remainingspecimensfor Matrixl and 4 are thoserequiringhoneycomb
core.
" Honeycombcore was received in-houseon September22, 1980. The first sand-
wich panels to be made were for the Matrix l sandwichbeam specimen;however,
the core crushedduring autoclavecure at .69 MPa (lO0 psi) and 589°K (600°F).
Investigationinto the cause revealedthat the core received had not been
post-cured. All the core was returned to the vendor to be post-curedand is
scheduledto be returnedby November 21, 1980.
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Figure3-7FlatwiseTensionA7F AdhesiveMatrix2 Test5
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Table 3-7 SpecimenFabrication.and Test Summary
• GR/PI Joint ContractNASI-15644
NO. OF PANELS NO. OF SPEC.
.MATRIX
TEST NO.
REQ'D. MADE REQ'D. MADE
DESIGN
ALLOWABLES l 16 16 226 175
.. ANCILLARY 2 N/A N/A 63 54
ADHESIVE
3A 18 18 126 124
3B 3 3 54 54
.. 3C 2 2 6 6
STANDARD " 3D 44 44 I 192 192
JOINT I
3E 6 6 54 54
3F 4 4 12 12
3G INTEGRALLAYUP 54 54
4A 12 12 72 71
i SMALL• PECIMENS 4B 21 21 60 30
I 4C 27 27 18 6
I
N/A : NOTAPPLICABLE
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At1 theMatrix3G "3-step"specimenshad good bonds(no voids);however,
all the "5-step"specimenshad bondlinevoids. The voidswere indicated
by the panelC-scansand couldbe visuallyseenon the edgesof the cut
specimens.It is expectedthatthe bondlinevoidswere causedby volatiles
not beingable to escapethroughthe thickerlaminateof the "5-step"joint
as comparedto the "3-step"joints. Costsand schedulesprecluderemaking
thesespecimens.
3.1.4 TASK 2.1.5- StandardJointTests
All of theMatrix3 seriesof StandardJointTestshave beencompleted.
Thesetestswere to establisha databaseand to evaluateeffectsof various
parameterson the performanceof singlelap, doublelap and symmetricstep-
lap bondedjoints. Parametersinvestigatedwere lap length,temperature,
adherendstiffness,laminatestackingand adherendtapering.A totalof 496
specimenswere tested. Testmatricesare givenin Reference4. Analysisand
discussionof testresultsare presentedin Section3.1.5.
TheMatrix3G "5-step"specimens,Tests3G-Iband 3G-2a,had bondlinevoids
and delaminationswhichprecludedmeaningfultest results.Thesespecimens
were testedat roomtemperatureonly and thenexaminedto try and relate
actualbondlinevoidswith thoseindicatedby the "C-scans".The "3-step"
specimenshad clear"C-scans"andwere testedas planned.
3.1.5 TASK 2.1.6- TestAnalysisand Correlation
Testresultsobtainedfor the singleand doublelapjointshad a significant
amountof datascatter. It is feltthatthe largescatteris primarilydue
to processingand manufacturingvariables.To establisha feelfor the
qualityof the data,standarddeviationsand coefficientsof variationwere
calculatedfor all the test results. Coefficientsof variationfor the single
lapjoints rangefrom0.047to 0.41and for the doublelapjointsfrom0.023
to 0.355. The "3 step"symmetricstep lapjointshad coefficientsof variation
from0.032to 0.087. In all casesthe jointsexperiencedan interlaminarcom-
positefailureat the jointinterface.Therewere no adhesivefailures.The
largedatascatterprecludedoinga meaningfulcorrelationof all the testre-
sults;therefore,analysiscorrelationeffortsare aimedat identifyingand
predictingbehavioraltrendsobservedbasedon averages.
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A summaryof trendsobservedfor all the variousparameterstestedis given
in Tables3-8 through3-11. Areasthatare crosshatchedrepresenttrends
thatare the oppositeof whatwouldbe expectedbasedon theoreticalcon-
siderations.Thereare no apparentexplanationsfor theseotherthanprocess-
ing and materialvariables.
To be more structurallyefficient,the doublelapjointshouldmore than
doublethe strengthof a singlelap jointwiththe samebondedlap length.
Failureloadsfor singleand doublelap jointsversuslap lengthare given
in Figures3-8 through3-I0. Thesefiguresshow thatthe doublelap joint
failureloadis 3 to 4 timesgreaterthanthe same lengthsinglelap joint.
Structuralefficienciesof GR/PIto GR/PIsinglelap jointsvariedfrom
.If8to .264and for doublelapjointsfrom .178to .424. Efficienciesof
GR/PIto titaniumsinglelapjointsvariedfrom .135to .382and for double
lapjointsfrom .238to .619. The greaterefficiencyof the doublelapjoints
is becausethe loadeccentricityand correspondingmomentis eliminated ue
to jointsymmetry. Increasingtheextensionalstiffnessof the jointincreased
its loadcarryingcapability;however,therewasno significantchangein the
jointefficiencysincethe basicadherendstrengthalsoincreased.
Test resultshavebeen plottedshowingaveragefailureload (nominallyof
6 datapoints)versusthe variousparameterstested. Thesedataare pre-
sentedto allowa quickperusalof testtrendsand are describedbelow.
In all casesthejointsfaileddue to interlaminarshearand peel. Therewere
no adhesivefailuresexceptfor a few GR/PIto titaniumjoints. Thesehad
someevidenceof cohesivefailure,but the area involvedwas a verysmallper-
centageof the totalbondedarea.
Effectsof temperatureand lap lengthfor GR/PI to GR/PI single lap joints
are shown in Figure3-1t Similardata for GR/PI to Titaniumsingle lap joints
are shown in Figure3-12. Differencesin coefficientsof thermalexpansion (CTE)
of joint materialscause thermalstresses to develop in the joint when it is
cured at elevated temperature(stressfree state) and then cooled to ambient.
When the joints are tested at elevated temperaturethe thermalstressesare
relievedresultingin higherfailure loads. This trend is shown by the data
given in Fiqures3-1land3-1Z, It is more pronouncedfor GR/PI to Titanium
(Figure3-12)becauseof large differencesin CTE's. Slight softeningof the
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Table:3-8 StandardJoint SummaryTrends Observed (Averages)Single Lap Joint
(read down only)
l16°K 294°K 561°K
PARAMETER (- 250OF) (70OF) (+550OF)
Tqcrease Lap Length 12,7mm Ref Ref Ref
0,5 inch
25,4mm (1.0 Inch) !!!iii!iiiiiiD.E.C.ii_i!!!i:i_iTINC INC
50,Smm (2,0 Inch) INC INC INC
76,2mm (3,0 Inch) INC INC INC
Stacking @ Interface OO Ref Ref Ref
,,,., o,, ,.,o°,. °, ,,,oo ,.,°r,
__+450 NT iiiiii!iiii!i.l.N..C.!ii!i!ii!iiiii NT
03 NT INC NT
Increase Axial Stiff (3A-ib Ref) INC INC INC
Bending Stiffness (3A-lb Ref)
Increase NT INC NT
Decrease NT ii!iiiiiiiiiii_'N'Ci!iiiiii!ilili NT
:::::::::::::::::::::::::::::::::::::
StiffnessImbalance(3A-IbRef) DEC DEC :i:i:i:i:i:i:!:INC:!:i:i:i:i:i:
Tapering (3A-6aRef) NT INC NT
:i:i:i:i:i:i:i:!:i:!:i:i:!:i:i:i:i_:::::::::::::::::::
Titanium (Comparedto GR/PI) ::::::::::::i:::i:1:1::i::::::i::::i!!i i !i!!!ii!iii iiii !!!iii!ii!iii
::::::::::::::::::::::::::::::::::::. . - . - . . . .:.:.:.:.:.:.:.:.:-:.
25.4mm (1.0 Inch) INC !:!:!:i:i:!:DECi:i:i:i:i:!!!_!!!!! !!! i iii01iii!iii!!!!!ii!i
50.8mm (2.0 Inch) !i:::::i::_..!:i!iiO!!iiiiii_i!i_i!INC INC
76,2mm (3,0 Inch) i;i;i;i;iil;i:6"_q'i!;i;iiiiiiil;!;!;i !i!;i!_:_'r:!;!;!;!;!;!;!; INC
Titanium increaselap length
25.4mm (1.0 Inch) Ref Ref Ref
50.Smm (2.0 Inch) INC INC INC
76.2mm (3.0 Inch) INC INC INC
LEGEND:
0 : no change in load
INC : increase in load
DEC= decrease in load
NT = not tested
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Table:3-9 StandardJoint SummaryTrends Observed Due to Temp Change _Based
on Averages)
Single Lap Joint
(readacrossonly)
116°K 294°K 561°K
TEST NO. (-250OF) (70OF) (550OF)
3A-la DEC REFERENCE INC
lb 0 _ INC
lc 0 INC
2a c.
3a NT NT
4a NT NT
5a DEC INC
6a NT NT
7a ::::::::::'::'::::::' :' :' ::::::::!iiii!ii!i!!!i!iI'NC'i iii iii!
................. •.;o'°'.'.'.'.',-.-.'.'.'.'.','.'°'."
3B-la DEC INC
Ib DEC INC
ic DEC l INC •
. 3C-la .NT REFERENCE NT
LEGEND:
0 = no change in load
DEC = decreasein failure load
INC = increase in failure load
NT = not tested•
57
Table:3-10Standard Joint SummaryTrends Observed Due to Temp Change -Based
on Averages.
Double Lap Joint
(read across only)
116°K 294°K 561°K
TEST NO. (_250OF) (70OF) (550OF)
3D-la ::::::::::::::::::::::::::::::::::::::::::REFERENCE iii!iiii_ii!!!!!INC_!!!i!!!!i!i
.......°.......%-.-.-...°.°.°.°..., I '.'o".°.','.'.°-'.'.',','.'.','-','.',
Ib ::::::::::::::::::::::::::::::::::::::::Ni iiiii  iiiillt ............... ° .................
ic 0 INC
,.,..,o-....°..,.,.,.,o-.-,...,.,Oo. .,o,,.°-,,..,,.o,..,...........,.o.,,
2a !ii::i::i::i::!::iDEC] i :! i i::i:iiiii!i::iiiii!i!INC ! ! i iiiiii!
.o-.-°.,,..,.o,.,.,,-,-.,,,.,.,.,.,o -.-.-.-.-.-o-.-.-.-.-.%-.-.-.-.-.-o
2b i!::iii::!!i:;iiIN_i :i:;i:;i:;i:;i::i:::::::::::::::::::::::::_ :
2c DEC (SLIGHT_ INC
3a 0 INC
4a DEC INC
5a !iii!i::!::i::i::ii__[Cii! i :ii i::iiiii::i::i::i::i::iNC ii: i i :! :iii
:::::::::::::::::::::::::::::::::::".'.'.'.'.'.'.'.'.',','.'.'.'.'.',','
6a iiiiiiiiii!i!iINC: ! !i iiii_i iiiii!!i!i!iiiINC i i ! iiii!i
..-....:...:...............:...:....'._.:.:.'.:.-.:.:.:.:.:.:.:.:.:.'.:.
7a NT INC
v..............
3E-la DEC :i:!iiiiiiii!iDEC! !:i:i:i:
'.,,....... ,.,.,,,......
Ib DEC INC
2a DEC INC
3F-la NT 0
3G-la DEC INC
lb NT NT
2a NT REFERENCE NT
LEGEND:
0 = no change in load
DEC = decreasein failure load
INC = increasein failure load
NT = not tested
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oTable:3-11 StandardJoint SummaryTrends Observed (Averages)•DoubleLap Joint
(read down only)
116OK 294°K 561°K
(_250OF) (70OF) (550°F)
PARAMETER lmm/2mm* ll.5mm/3.0mm* lmm/2mm* 1.5mm/3.0mm* lmm/2mm* 1.5mm/3.0mm*(.04"/.08")(.06"/.12") (.04"/.08" (.06"/.12") (.04"/.08") .06"/.12")
IncreaseLap Length 20.3mm Ref I Ref: Ref Ref Ref Ref(0.8inch)
33.0ram(1.3 Inch) INC INC INC INC INC
45.7mm (1.8 Inch) INC ......... INC INC
Stacking@ Interface 3D-2b Ref. "'"
+45o iiiiiiii.0. I NC
-03 o DEC DEC INC
Increase Axial Stiffness 0"" INC INC
3D-2b Ref.
Bending Stiffness 3D-2b Ref.
Increase INC
Decrease 0 0 INC
StiffnessImbalance 3D-2bRef. DEC DEC DEC
Tapering (3D-TaRef.) NT INC INC
Titanium (Comparedto Graphite)
Lap Length
20.3mm (0.8 Inch) INC INC INC
45.7mm (1.8 Inch) :::::::::::::::::::::::::::::::: :::::::::. . INC
Titanium IncreaseLap Length :.:
2O.3mm (0.8 Inch) Ref.
45.7mm (1.8 Inch) ::?:.: ....:iDE( INC
45.7mm (1.8 Inch)Ref. +450 INC :i:i:i:i:i:iDEC: INC
,outeradherendthickness/inneradherendthickness LEGEND:0 = no changein load
INC= increasein load
DEC = decreasein load
NT = not tested
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Figure3-11 AverageFailureLoad vs Lap Length-Graphite/PolyimideSingle
• Lap Joint- Celion3000/PMR-15,A7F Adhesive
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adhesiveand fiber matrix at elevated temperaturewould make the joint
more ductile and also contributeto the increasein joint strength. In-
creasing the lap length also increasesthe failureload, but only up to
some maximum length beyond which there is no additional increase.
Increasingthe axial and bendingstiffnessof the adherends,for the same
thickness,resulted in a significantincreasein failure load as shown in
Figure3-13. Testingof an unbalancedjoint (differentadherendthicknesses)
showed a reductionin joint strength (see Figure3-14), except at 561K (550°F).
There was no significantchange at elevated temperature.
Other parameterstested were effectsof tapering the adherend to reduce peel
stressesand of varyingthe laminatestackingsequence. Tapering the ad-
herend on a GR/PI to GR/PI 50.8 mm (2.0 inch) single lap joint with 2.54 mm
(.lO inch) thick adherendshowed a 23.7 percent increasein failure load as
comparedto no tapering (testedat room temperature).
The baselinesingle lap joint has adherendsof (0/+_45/90)3S laminates. Two
other laminateswere tested to evaluate the effect of ply stacking sequence
at the bondline interface. Laminatelayups tested were (03/+_453/903)S and
(+_45/0/90)3Swith 50.8 mm (2.0 inches)lap length. In both cases the aver-
age failure load was increasedover the baseline by 49%.
Resultsfor double lap joints are shown in Figures3-15 through3-20. GR/PI
to GR/PI double lap joints were tested for two combinationsof adherend
thicknesses. Resultsare shown in Figures3-15 and R_I_. Resultsfor GR/PI
to Titanium double lap joints areshown in Figure3-17. The predominate
trend is an increase in failure load with temperature;however,as can be
seen, there are some exceptions. These cannot be explainedat this time,
except as due to possibleprocessing variablesand data scatter. The increase
in joint strengthwith temperatureis attributedto the samereasons discussed
for single lap joints above.
Joint failure theory predictsthat a stiffnessbalanced joint is stronger
than an unbalancedjoint. This is demonstratedby the resultsin Figure3-18.
Likewise, increasingthe axial and bendingstiffnessshould increasethe joint
strength. Results in Figure3-19 show this except at ll6K (-250°F)there was
no significantchange.
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Effectsof differentply stackingsequencesin the adherendsis shownin
Figure3-20. The baselinehad adherendswith (0/+_45/90)3Slaminate. The
otherstackingstestedwere (03/+_453/903)S and (+_45/0/90)3S.Finiteelement
analyseswere performedto evaluatetheeffectof the aboveply stacking
sequenceson jointperformance.Analysisresultsare presentedin Ref.
(3rdQuarterly).
Interpretationof theanalysisresultsis dependenton knowingthe failure
initiationmode,i.e.,is it due to shearstressor peel stress. If shear
stressesdominate,thenthe +45 laminateshouldhave the highestfailureload.
If peelstressesdominate,then the03 laminatewouldhavethe highestfailure
load. Testresultsindicatethat the+45 laminateis strongerthanthe 03
laminatein all cases;however,it had the samestrengthas the baselinelamin-
ate at ll6K (-250°F)and room temperature.The 03 laminateis weakerthanthe
baselineat ll6K (-250°F)and room temperatureand strongerat 561K (550°F).
Thiswouldindicatethatthe failuresare beinginitiatedby shearstresses
ratherthanpeelstresses;however,thereare insufficientdata to drawfirm
conclusionsat this time.
Resultsfor the "3step"symmetricstep-lapjointare givenin Figure3-21.
Failureloadsfor thejointwere calculatedfor the 561K (550°F)testcondi-
tionusingcomputercodeA4EGX. This codewas developedby L. J. Hart-Smith
of McDonnell-Douglas.Adhesivepropertiesused in the analysiswere those
fromthe thickadherendtestsconductedat the Universityof Delaware(see
Section3.1.2). The predictedfailureloadwas 898 KN/m (5126Ibs/in),
comparedto an averagefailureloadbasedon 6 data pointsof 901 kN/m
(5147Ib/in). Itmust be noted,however,thatthe code predictedan adhesive
failure,whereasthe actualjointshad interlaminarcompositefailures.
Actualjointswere co-curedonto the titaniumstepsusingonlyan adhesive
primer. Theywere not precuredlaminatesbondedon with a separateadhesive.
The analysiscoderequiresadhesivethicknessand propertiesas an input. The
. co-curedjointswere simulatedfor analysispurposesby inputtingadhesiveproper-
tiesand a thicknessof 0.127mm (.005inch).• Analyseswere not conductedfor
roomtemperatureand ll6°K(-250°F)testconditionsbecauseof code problems
encounteredwhen a largetemperaturedifferentialwas input.
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° Figure3-19 : AverageFailureLoadvs Temperature.Effectof IncreasedAxial
Stiffness-Graphite/PolyimideDoubleLap Joint-
Celion3000/PMR-15,A7F Adhesive
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Figure3-20: AverageFailureLoadvs Temperature-Effectof Ply StackingSequence
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SECTION 4.0
CONCLUDINGREMARKS
During this reportingperiod the principalprogram activitiesdealt with
. design of static discriminatortest specimens,and testingof "Net Tension",
"ThickAdherend", "StandardJoint", "Small Specimen",and "IntegralDoubler"
specimens.
Resultsof testingdiscussedin this report have led to the following
conclusions:
o Integral(co-cured)doublersare stronger than bonded doublers.
o For the joint configurationstested, the A7F adhesive is stronger
than the GR/PI laminate.
o Bonded double lap joints are more efficientthan single lap
joints.
I
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